G-protein-coupled receptors (GPCRs) are one of the most challenging targets in structural biology. To successfully solve a high-resolution GPCR structure, several experimental obstacles must be overcome, including expression, extraction, purification, and crystallization. As a result, there are only a handful of unique structures reported from this protein superfamily, which consists of over 800 members. In the past few years, however, there has been an increase in the amount of solved GPCR structures, and a few highimpact structures have been determined: the peptide receptor CXCR4, the agonist bound receptors, and the GPCR-G protein complex. The dramatic progress in GPCR structural studies is not due to the development of any single technique, but a combination of new techniques, new tools and new concepts. Here, we summarize the progress made for GPCR expression, purification, and crystallization, and we highlight the technical advances that will facilitate the future determination of GPCR structures.
Introduction
Membrane proteins comprise approximately 30% of organism proteomes; however, they comprise only 1.1% of the total protein data bank (PDB) entries (862 coordinate files in a total of 75 694 depositions). Among which, the GPCRs are greatly under-represented in the PDB when compared to the other general protein families. These receptors are involved in every physiological activity, including sight, taste, and hormone regulation, etc. They function as signal transmitters that can sense a huge variety of signals and amplify them inside the cells, leading to different cell responses, and are involved in almost all human diseases. Among the approximately 400 non-olfactory receptors, 50-60 receptors are the targets of approximately 40% of the drugs on the market, while the other 350 are yet to be explored. As the largest protein family of drug targets in the human body, there are only 45 deposited structure files representing 7 unique receptors [1] [2] [3] [4] [5] [6] [7] . Moreover, this set is somewhat redundant, as the β1 and β2 adrenergic receptors are closely related. Given that over 800 receptors are found in the human genome and that a large variety of ligands specifically bind to this protein family, the mechanisms of ligand recognition and signal transduction are largely uncharacterized.
To successfully solve a GPCR structure, one needs to overcome multiple bottlenecks, including expression, extraction, and the formation of crystal contacts. In addition to these general difficulties that have been long known in crystallizing membrane proteins, the flexibility of the receptor poses a major obstacle [8, 9] . It has been observed repeatedly for multiple receptors that the transmembrane helix bundle rearranges during activation. The distances between the helices differ by up to 10-14 Å during this process [10] [11] [12] . It has also been reported that between the active and inactive states, these receptors have multiple intermediate states that are induced by different types of ligands, and each state might correlate to its own structural features. Because GPCRs are so flexible, they are generally in a mixture of different conformations, and the field tends to use a concept of "energy landscape" instead of "conformation" to describe the dynamics of GPCRs [13] . It is not uncommon to observe that exchanging the ligand or mutating one amino acid of the GPCR can dramatically reduce the diffraction resolution or even abolish crystallization altogether. This is probably one of the key reasons why it took researchers an additional 15 years after the first highresolution membrane protein structure was reported in 1985 [1] to obtain the first GPCR structure. Despite the current low success rates for achieving high-resolution structures, years of technology developments and studies of this protein family have shed light on this challenging project. Recent breakthroughs include the structures of novel GPCRs [7] , discovery of new activity states of GPCRs [10, [14] [15] [16] and a structure of GPCR in complex with other proteins [11] . This review will focus on new
Protein expression
With few exceptions, GPCRs are often found in very small amounts in native tissue, which makes it nearly impossible to purify the amounts of material necessary for crystallographic studies from natural sources. It is therefore necessary to set up a robust recombinant expression system. To achieve high yields of recombinant GPCR proteins, gaining a better understanding of the host organisms is an emerging strategy compared to standard techniques such as the screening of promoters, development of fusion adducts, and adjusting the culture process parameters. Conventionally, there are 4 types of expression host systems used in protein X-ray structural studies: E coli, yeast, insect cells and mammalian cells, and each system has its own limitations that restrict its use in GPCR overexpression studies.
Mammalian cells and insect cells
Among the four systems, the mammalian cell expression system is the closest to the natural environment of GPCRs, and thus serves as an expression host for many GPCRs. The yield of some receptors in this system is as high as 10 mg/L of media [17] ; however, most of the receptors are designed for functional studies so far, and only a few of those were applied to overexpression. High cost, difficulty in scaling up and long experimental cycles are barriers that limit the use of mammalian cell expression systems.
On the contrary, insect cells, which shares similar disadvantages as mammalian systems, are a more successful host. Six out of seven unique receptors were expressed in either sf9 cells or high5 cells [18] . After careful optimization, the baculovirus expression system often has increased protein yields over that of mammalian cells such as HEK cells [19] .
Yeast
Yeast is an attractive expression system because it can be engineered as a microorganism while possessing eukaryotic machinery [20] . Yeast has a short generation time (approximately 2 h), requires relatively simple media and is easy to work with. Years of characterization have also provided numerous plasmids and experience in scale-up fermentation. As a eukaryotic expression system, yeast can post-translationally modify the receptor; therefore, it was one of the earliest expression systems used for GPCR. However, the yeast system has its own drawbacks. The composition/ quantity of N-glycans and the membrane composition of yeast are different from those of mammalian systems. This may cause problems when a correct modification or lipid environment is necessary for the functional expression of some receptors, such as rhodopsin or opioid receptors [21, 22] . In addition, yeast cells are surrounded by a cell wall that is notoriously hard to handle when trying to extract membrane and intracellular proteins.
Initial attempts were made in yeast systems, such as S cerevisiae, S pombe and P pichia, to express the β 2 adrenergic receptor, the M1 muscarinic receptor and the opioid receptors [23] [24] [25] . Multiple factors including supplementation of a ligand, histidine and DMSO were evaluated and optimized [26, 27] , and quite a few receptors were reported with expression levels of >1 mg/L of media [28, 29] , which is sufficient for structural studies. Recently, Iwata's group solved the crystal structure of the human Histamine H1 receptor, which was expressed in P pichia [7] . To avoid the complication of saccharide modification in the yeast system, the N-terminal portion comprising 19 amino acids which includes two glycosylation sites (Asn5 and Asn18) were truncated. The receptor sequence was also optimized according to the codon usage for P pichia to achieve a higher expression level [30] . The structure had very high similarity to the structure of β 2 adrenergic receptor and the D3 dopamine receptor, which were obtained using higher eukaryotic expression systems [7] . These results indicate that yeast has the ability to correctly fold mammalian GPCRs and has the potential for applications in protein crystallographic research.
Despite this tremendous success, we do not completely understand this expression system yet. Research from different groups raises our concern about the homogeneity of yeast-expressed material [8, [31] [32] [33] . Their results indicate that the expressed product is a mixture of functional and nonfunctional receptors, because during optimization the expression of the functional GPCR will dramatically increase but the overall expression level is somewhat constant. In addition, the expression of GPCRs is case-sensitive. Although multiple receptors showed a relatively high expression of 1-10 mg/L of culture, the ratio of functional expression is extremely low. O'MALLEY et al investigated 12 GPCRs expressed in S cerevisiae, and only the A 2A adenosine receptor retained its ligand binding activity. Other receptors, despite being processed and expressed in the same conditions, failed to localize in the plasma membrane and had no detectable ligand binding [31] . A more detailed study using N-terminal sequencing and N-glycosylation detection demonstrated that most of these nonfunctional receptors were not properly processed. In addition to S cerevisiae, P pichia had similar problems in processing signal sequences [34] , indicating that there are still some fundamental differences within the higher eukaryotic systems. Currently, little is known regarding the factors that govern the folding and cellular trafficking of heterologously expressed GPCRs in yeast, and more efforts are needed in the future to make this system more robust and desirable.
E coli
Although it is known that eukaryotic membrane proteins, especially GPCRs, are impossible to express efficiently in prokaryotic systems, the low-cost and easy-to-handle nature of E coli encouraged the exploration of this system for the www.nature.com/aps Zhao Q et al Acta Pharmacologica Sinica npg expression of GPCRs. Initially, researchers managed to make some progress by successfully obtaining GPCRs such as the β 2 adrenergic receptor and the 5-hydroxtryptamine receptor (5HT1α) with functional ligand-binding activity [35] . The key was to use a maltose-binding protein (MBP) as an N-terminal fusion tag, which helped the receptor to be expressed and folded in the periplasm. Grisshammer et al also found that addition of thioredoxin A to the C-terminus of GPCR further increased their stability and yield [36] . However, even if all of the expression parameters are optimized, the GPCRs expressed in E coli may not be sufficient for direct use in crystallographic studies yet. To date, most crystallization studies are focused on indirect uses, such as expression or stability screening, to facilitate higher throughput in a short period of time. The best example of this was provided by the Tate group in solving the crystal structures of the β1 adrenergic receptor and the A 2A adenosine receptor in the active state [16, 37] . All of the mutants were expressed in E coli using a procedure that is similar to Grisshammer's, and the construct optimization was performed accordingly, before the final transfer to insect cells for large-scale preparations. The work of PLÜCKTHUN et al pushes these approaches to a new level. They developed a fluorescence-activated cell sorting (FACS) method that could enhance both the expression level and stability of GPCRs while retaining function and tailoring ligand selectivity [38] . Using this approach, the expression levels of multiple GPCRs were increased several folds, and a receptor analog that more prone to bind agonists vs antagonists was obtained, similar to results from the Tate group when they solved the active state A 2A adenosine receptor structure [39] . Moreover, data from both the Tate and Plückthun groups indicate that all the results from prokaryotic systems can be successfully transferred to eukaryotic expression systems. This is truly exciting because one can take advantage of the reduced cost, the lower demand for experience and the dramatically shorter experimental cycles of prokaryotic systems. However, although this approach is very promising now, the application of prokaryotic expression systems for structural studies requires further development.
Because certain GPCRs are currently produced at sufficient levels for X-ray crystallographic trials, it is speculated that heterologous expression of GPCRs may no longer be a bottleneck in obtaining crystal structures. However, there remain many unknown factors that are important for optimizing GPCR expression. It is not surprising to see >100 fold differences in yield among various GPCRs within each of the expression systems. While milligram quantities of certain GPCRs are attainable, the majority of GPCRs are still either produced at very low levels or not at all. Developing reliable expression techniques for GPCRs is still a major priority for the structural characterization of GPCRs.
It's all about stability
Once acceptable expression is achieved, the issue of extracting the receptor out of the lipid bilayer starts to limit the downstream processes toward crystallization. Most of the GPCRs are intrinsically unstable and quickly lose their native fold when solubilized [9] . It is generally known that protein stability is correlated to the chances of protein crystal formation, and this point has been repeatedly demonstrated by the Tate and Stevens groups. Multiple methods have been carried out to engineer the receptor for higher stability.
T4 lysozyme fusion
The most successful attempt at engineering a GPCR to solve its structure is the generation of a T4 lysozyme fused protein. This was first developed during solving the high-resolution structure of the β 2 adrenergic receptor [2, 40] . It has long been known that the third intracellular loop is very flexible, and is believed preventing the formation of crystals. Replacing of this loops with the T4 lysozyme moiety will not only provide an additional surface for crystal contact, but also restrain the movement of the GPCR helix bundle and thus provides higher thermal stability [40] . Research also revealed that this replacement does not alter either the GPCR's ligand binding or signal transduction ability. Subsequent research showed that this T4 lysozyme (T4L) fusion method is applicable to different GPCRs, even though the junction sites are slightly different and must be carefully screened [5, 6] . Different methods are used to determine the best T4L fusion. Initially, the insertion site was decided by receptor surface expression screening. Together with determination of more GPCR structures, a more systematic screening method combining ligand-binding affinity, protein homogeneity and stability was developed [5, 6, 41] . Guided by this method, several structures were successfully solved including the chemokine receptor CXCR4 and the dopamine receptor D3.
Antibodies/nanobodies
The application of antibodies is a traditional method for dealing with flexible/instable proteins. So far, two GPCR structures have been solved in the presence of antibodies that recognizing the receptor [10, 42] , both of which are β 2 adrenergic receptor structures. Similar with the use of the T4 lysozyme fusion, these antibodies target the cytoplasmic side of the receptor, especially the unstructured intracellular loop 3 (ICL3) region. In the β 2 AR-Fab5 complex structure, the Fab5 recognizes both the junction of the helix V to ICL3 (I233-V242) and the junction of ICL3 to helix VI (L266 and K270) [42] , which will restrain the movement of these two helices. Furthermore, in the β 2 AR-Nb80 complex, the nanobody Nb80 also specifically recognizes both helix V and helix VI in the cytoplasmic end. In addition, its CDR3 loop inserted into the hydrophobic pocket between helices V/VI and helices III/VII [10] . These antibodies do help with the formation of crystal contacts, but their role in restricting the receptor dynamics is equally important. It looks like the helices V and VI are the key element to be stabilized before the receptor is actually crystalized.
This method do improve our chances of getting crystals, however, the application of antibodies for GPCRs is not straightforward. One major obstacle is the existence of very high concentration of detergents. These receptors generally www.chinaphar.com Zhao Q et al Acta Pharmacologica Sinica npg require higher protein concentrations for crystallization (30-50 mg/mL or higher), which typically requires at least a 100-fold concentration. As a result, the detergent concentration in the final crystallization samples is strikingly high (approximately 2% in the case of DDM), and some of these antibodies will dissociate from the receptor molecules under such conditions. The fact that only the β 2 adrenergic receptor has been crystallized with the help of antibodies indicates that this method is equally challenging, and extensive work is needed before practical use.
Mutations
Besides the lysozyme fusion and antibodies, additional mutations are generally needed to facilitate crystallization. The most common is a E3.41W mutation, which was first introduced in the β 2 adrenergic receptor (the amino acid is represented using the Ballesteros-Weinstein numbering-system [43] ). In the sequence alignment of β 2 adrenergic receptor with other GPCRs, there is an hydrophilic glutamate residue in the middle of helix III that is buried in the hydrophobic helix bundle [44] (Figure 1B ), which might reduce the stability to the whole receptor. Mutation of this residue to an aromatic residue dramatically increases the yield of the purified material and greatly improves the receptor's melting temperature. Additional research showed that similar to the T4 lysozyme fusion, this mutation could also be applied to other receptors, even if their corresponding positions are already hydrophobic residues [5, 6] (Figure 1 ). In some cases, although the mutations themselves make the receptor stable enough to be crystalized, it remains difficult to explain the rationale for these mutants. Tate and Schertler have mapped almost every residue in the receptor and measured the thermal stability of the corresponding mutants. The most promising mutations were then combined and further screened for the highest stability to tolerate the harsh environment during extraction, purification and crystalliza tion [38, 45] . Guided by this method, they solved the crystal structures of the β1 adrenergic receptor with different ligands and the A 2A adenosine receptor structure in an active state [4, 16] . Similarly, PLÜCKTHUN et al used error-prone PCR (epPCR) to construct a library of mutations of target gene which were expressed and sorted by flow cytometry to screen for higher expression or stability. The sorted cells were kept and then epPCR and pooled for 4 rounds before they were analyzed for sequence diversity. The most consistent mutations were selected and successfully applied to higher expression systems such as , and TM5 for the βARs, rhodopsin and several members of the biogenic amine family. Identical residues are highlighted in grey. Key residues mentioned in the text are marked with asterisks. Position 3.41 is highlighted in yellow [44] .
www.nature.com/aps Zhao Q et al Acta Pharmacologica Sinica npg insect cells, and by this, higher expression and stability were then achieved [38, 39] . These three groups tested stabilization mutant using 5 GPCRs independently and found some very interesting consistencies [37-39, 45, 46] . Each of the five receptor genes contained 5.6±1.1 mutants to maximize the protein stability compared to the wild type, with a total 28 mutants. The majority of these mutations are located in the helix bundle (26 out of 28 mutations), and they are not spread evenly on all the seven transmembrane helices (Figure 2 ). Nearly half of the mutations are distributed from helix V through helix VII, where there was significant movement upon activation. Surprisingly, helix II is also one frequently mutated region. More than 30% of the stabilizing mutations occurred on this helix (9 out of 28 mutations) for no obvious reason. The other helices, especially helix IV, are barely touched which is probably due to it is nowhere near helix V, VI, or VII in the spatial helix bundle. Although only a few mutations appeared on identical positions, the majority of the mutations lie only in several specific pockets. These pockets are located in the intracellular end of the receptor, and only a few mutations are located in the extracellular half that facilitates the binding of certain ligands. This is not completely unexpected, as research showed that the intracellular portion displayed more structural dynamics in different active state. In contrast, the extracellular half, despite having significant diversity within the gene superfamily, has only very minor changes when different ligands are bound.
GPCRs have enormous conformational diversity, which is believed to be one of the key obstacles to crystallization. To date, all the receptor analogs achieved from mutation screening had a modified binding preference depending on the type of ligands used [4, 16] . For example, in the structure of the A 2A adenosine receptor bound to agonists adenosine and NECA, four mutations in the receptor greatly reduced the affinity with the antagonists, while the agonist binding was unaltered [16] . The shift in binding affinity indicates that the receptor could only adopt restrained conformations, thus its stability and homogeneity were improved, which would further allow crystallization. Because most of these conformational restraining mutations are located in the intracellular portion of the GPCR where they are more conserved in both structure and sequence than the other regions, further studies could potentially reveal a general rule that could apply to the other GPCRs and guide our future studies.
Surfactants
Traditionally, short-chain detergents form smaller micelles around membrane proteins than the long alkyl ones, which would leave larger surface areas exposed to form crystal contacts. However, these short-chain detergents are also far more denaturing than the long-chain detergents that are normally used to purify GPCRs in a functional form. It is very challenging to choose a detergent that can balance the hydrophobicity and hydrophilicity for each target protein, and as a result, the crystals are often of low quality and difficult to improve. Based on the understanding achieved from previous X-ray crystallographic work, several new amphiphiles and detergents have been developed by modifications of known surfac- Figure 2 . A snake β 2 AR plot to brief summary of the mutagenesis studies aiming higher GPCR stability [37, 38, [44] [45] [46] 91] . The mutations on different receptors are applied to β 2 AR receptor based on the Ballesteros and Weinstein Number System [43] and labeled in red on the Figure. The post translational modifications such as glycosylation and phosphorylation are labeled as indicated.
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One example of these modified detergents is branch-chained detergent which contains a short, branched alkyl chain at the interface between the polar head and the apolar tail. This type of detergent mimics a lipid molecule with a second aliphatic chain, reducing the water penetration. Hong et al showed that even one carbon branch could have dramatic effects and these detergents could be successfully applied to solubilization, stabilization and crystallization of membrane proteins [47] . Another example of such detergents is maltose-neopentyl glycol (MNG) amphiphiles that are built around a central quaternary carbon atom [48] ( Figure 3A and 3B ). This carbon atom enables the incorporation of two hydrophilic and two hydrophobic subunits and restrains their conformational flexibility. Some of these MNG detergents have been tested on both GPCRs and other membrane proteins, and proved to enhance structural stability and the chances of successful crystallization. The authors also claimed that these detergents improved the crystal size and quality of membrane proteins with less stability, such as β 2 AR-T4L bound to agonists. In short, these modified detergents displayed distinct properties from their conventional analogs and have promising use in the maintenance of native GPCR folding and function [48] . The de novo synthesis of detergents includes protein-based nanodiscs [49, 50] , amphiphilic polymers (amphipols) [51] [52] [53] , peptide-based amphiphiles [54] [55] [56] , fluorinated detergents [53, 57] and tripod detergents [58, 59] . One good example is the socalled "facial amphiphile", which is a new detergent concept created by several groups. These detergents make the protein-detergent complexes (PDC) as small as possible by creating a flat and rigid hydrophobic surface. McGregor et al have reported that lipopeptides (LPDs) are self-assembled into a cylindrical micelle with a width similar to that of a lipid bilayer, and further form a rigid sheath around the protein surface [55] . Zhang et al have developed cholate-based amphiphiles that project hydrophilic maltose units from one side of the steroidal skeleton, which is then further developed by the design of "tandem facial amphiphiles (TFAs)" [60, 61] . The TFAs contain a pair of maltose-functionalized deoxycholate units, making it long enough to match the bilayer width. These facial amphiphiles are very successful in reducing the micelle size. Both Zhang et al and Chae et al showed that the facial amphiphiles are only approximately 1/6 of the micelle size compared to the traditional detergents such as DDM, with an aggregation number of approximately 37 for FAs and only approximately 6 for the TFAs per PDC [60, 61] . Although there is yet to be a direct application of these facial amphiphiles in Figure 3 . A brief summary of the new detergents to facilitate the GPCR structure study. (A) MNG [48] ; (B) branched detergent [47] ; (C) tandem facial amphiphiles (TFA) [61] ; (D) facial amphiphiles [60] ; (E) a cartoon about the working hypothesis of facial amphiphiles and tandem facial amphiphiles in compare with conventional detergents [60] .
www.nature.com/aps Zhao Q et al Acta Pharmacologica Sinica npg crystallization trials, their biophysical properties exhibit significant potential in the structural study of this challenging protein family ( Figure 3C, 3D, and 3E) . Recently, systematic screening of the branched detergents, MNGs and the facial amphiphiles for protein thermal stability was carried out using multiple GPCRs. More than half of these new detergents provided equal or higher thermal stability than the best conventional detergents (unpublished data). However, different GPCRs still have different preferences for different surfactants, and it seems very unlikely that one single amphiphile is ideal for all of the receptors due to their sequence variety. A deeper understanding of the interaction between membrane proteins and detergents is still required for further development of detergents.
Crystallization and data collection
To solve the structures of GPCRs, high-quality crystals must be obtained, which represents a major challenge. Several techniques are employed to crystallize GPCRs, including the traditional direct use of solubilized protein-surfactant complexes, or the so-called in surfo method [4, 16] , the bicelle method [10, 15] , and the lipidic cubic phase, or in meso method.
In surfo method
Although the in surfo method remains one of the most efficient in membrane protein crystallography, it exhibits dramatic limitations in GPCR structural studies. Research has shown that GPCRs tend to reserve more conformations in detergent micelles than in lipid bilayers, and as a direct result, very few GPCRs could crystallize directly in detergent micelles. Most of the current GPCR structures obtained using the in surfo method are modified by mutation to reduce their chances of adopting other conformations [4, 16] as mentioned above.
Bicelle method
The other methods, such as the newly developed bicelles, nanodiscs or lipidic cubic phase (LCP), seek to trap each membrane protein molecule within a lipid bilayer before crystallization and take advantage of a native-like environment to preserve their integrity [62] . Compared to the in surfo method, the bicelle method uses a lipid bilayer of finite size and maintains the ability to diffuse in three dimensions in the process of forming a three-dimensional lattice ( Figure 4A ). Bicelles are typically made of two lipids, one of which forms a lipid bilayer, while the other forms an amphipathic, micelle-like cover for the bilayer and shields it from the solvent [63] . The important interactions between lipids and proteins have been preserved within bicelles, as clear density for a CHAPSO molecule inserted between protein subunits is observed in the structure of bacteriorhodopsin. The bicelles have displayed broad utilities in every aspect of GPCR study [64] . The ability to grow crystals at room temperature significantly expands the applicability of bicelle crystallization [42, 65] . Nanodiscs, on the other hand, use an amphipathic protein coat to encapsulate the bilayer segment instead of detergent, which makes nanodiscs more stable than bicelles at low concentrations [49, 66] . The nanodisc is constrained by two molecules of a membrane scaffold protein that wraps around the edges of the discoidal structure in a belt-like arrangement. These constructs maintain a very well-defined size depending on the type of protein coat [67] . Because the smallest nanodiscs are approximately 10 nm, their application in crystallography is still quite limited, and more work needs to be performed to remove the 3-D packing restraints before successful crystallization. To date, these bilayer-based, diffusible structures have been most useful for NMR methods or for assessing the ligand binding of GPCRs [67] [68] [69] .
In meso method Crystallization in lipidic phases has only recently been developed but has already become an essential tool in the arsenal of membrane protein crystallization, especially for GPCRs [70, 71] . The cubic phase is a bicontinuous lipidic meso phase formed spontaneously by mixing monoacylglycerols (MAGs) and water at a given ratio [72] ( Figure 4B ). It consists of a curved bicontinuous lipid bilayer in three dimensions, separating two congruent networks of water channels. When protein samples are used as an aqueous solution, the high concentration of lipid molecules will replace the detergent molecules around the protein, and thus, the receptor is reconstituted to the lipid bilayer. When a certain precipitant is added, the receptor will start to nucleate, and a temporary phase transition will be formed, ensuring crystal growth ( Figure 4C ).
Monoolein is a default lipid for crystallogenesis studies. However, some other lipids such as monomyristolein (C14:1c9) and monopentadecenoin (C15:1c10) could also be used for crystallization studies. The different host MAGs, or MAGs with different additives (usually cholesterol or phospholipids), come with varying properties including hydrophobic thickness, intrinsic curvature, and lateral pressure profile [73, 74] . These lipids have shown a profound effect upon nucleation, crystal shape and diffraction in different targets [73] . This method originated from Ehud Landau and Jürg Rosenbusch in 1996 and was soon followed by application to bacteriorhodopsin [75, 76] , the β2 adrenergic receptor [2] , the chemokine receptor CXCR4 [5] , and the dopamine receptor D3 [6] . It should be safe to assume that during the conditions of crystallogenesis, receptor molecules have to retain a certain level of freedom to diffuse so that nucleation and crystal growth can occur. As mentioned above, we learned that the lipidic cubic phase is composed of highly curved lipid bilayers and is connected by a water channel of a certain size [77] . As proteins diffuse through the cubic phase, they encounter horse saddles of high Gaussian curvature [78] . In some cases, one could find their protein stuck inside the lipid bilayers, either due to the energy barrier of crossing the horse saddle and the monkey saddle, or due to the limited size of the water channel. Several groups have tried to build a computational model, but they had little success [78, 79] . The reason for failure might be that there are several components in the crystallization trials, quite a few of which, such as salt, PEGs and trace amounts of detergent, could alter the dimensions or even the phase behav-www.chinaphar.com Zhao Q et al Acta Pharmacologica Sinica npg ior of the whole system [80, 81] ( Figure 4D ). Unlike the theoretical analysis, progress was made by experimental studies of the lipidic cubic phase guiding the crystallization studies. One powerful approach, fluorescence recovery after photobleaching (FRAP), seeks to assess the ability that GPCRs have while in the lipidic bilayer-based meso phase and identify conditions that favor diffusion in two dimensions as freely as possible to find other protein partners with which to build the two-dimensional array [82] . A major advance is the application of fluorescence to assay the diffusion rates, seeking conditions that maximize the diffusibility. Based on the FRAP method, high throughput FRAP (HT-FRAP), which combines traditional FRAP with an automation technique, was further developed and showed a dramatic advance in reducing the work load [83] . Instead of measuring the full recovery curve, the precise motion control allows it to scan a 96-well plate and compare exact spots at different time points, which increases the measurement efficiency by approximately 50 fold. This is a key element for the application of this technique to practical research. Using this method, one can now pre-screen host lipids, precipitant conditions, and identities of ligands with microgram quantities of material to magnify the chances of crystallogenesis and rule out conditions that are not conducive to diffusion, nucleation, and crystal growth [83] . LCP-Tm, another LCP tool to measure the stability of the receptor in the host's lipids without the use of labels, will also facilitate the screening of better constructs and ligands [84] . Assisted by different LCP tools, the variables of the multi-dimensional crystallization space are notably reduced, and thus, the bottleneck in obtaining initial crystal leads is substantially overcome.
Of course, like any other crystallization technique, the in meso method has its own drawbacks: it is relatively hard to handle, incompatible with some of the precipitants, rather small that are general invisible under cryo conditions. To [72] , the phase will transit as lipid:water ratio or temperature change; C) crystallization of GPCRs in cubic phase, the receptor is in cartoon, the bicontinuous lipid bilayer is drawn in yellow and white and the dark blue represents the water channel and aqueous solution; D) Phase behavior of lipid-water-PEG400 system, representing the influences of additives and lipids on the phase [81] .
www.nature.com/aps Zhao Q et al Acta Pharmacologica Sinica npg make things worse, to generate crystals of sufficient quality so that their structure may be obtained, the lipidic cubic phase generally requires a higher receptor concentration (>50 mg/mL) [2, 5, 6, 14] , which challenges the already troubled expression and purification protocols of GPCRs. Most of the above obstacles are diminished by the development of robotic systems and microfocus beams. Robotic crystallization technologies, which can dispense subnanoliter-scale drops in 96-well plates within minutes, have expended the use of the lipidic cubic phase by substantially increasing the number of crystallization conditions that can be explored with limited amounts of sample [72, 85] . Another recent innovation is the microfocus beamline at synchrotrons [86] , which makes data collection from the undersized GPCR crystals possible. Smaller X-ray beams, reduction of the diffraction background, and an increase in the beam intensity remarkably improve the resolution and the data statistics compared to the general synchrotron beams, and allow useful diffraction data to be extracted from smaller crystals [2, 86] . Although tighter focus comes at the cost of greater radiation damage to the crystal, it can be overcome by merging data from several or even tens of crystals [2, 6] (hundreds in some cases, data unpublished) and newer detectors [87] . Some other techniques, although not as essential as microfocus beams or crystallization robots, significantly improve research efficiency. Sample-exchange robots that allow crystals to be replaced without entering the experimental hutch are showing more and more impact on X-ray diffraction data collection. Rapid crystal alignment and raster tools will further accelerate the systematic screening of invisible crystals in the cryo loops, and more crystals could be tested in a shorter amount of time [88] [89] [90] . With the combination of the benefits from all the above techniques, the lipidic cubic phase is becoming the most popular method in determining the structures of GPCRs.
Future prospects
Structure-based drug design targeting of G-protein coupled receptors has long been limited by the availability of highresolution receptor structures. However, this limitation is decreasing, as multiple GPCR structures have been determined. The year 2011 could be considered a new landmark for understanding this largest drug target family. In this year, not only have new GPCR structures been obtained, but also structures of activated receptors and even the magnificent structure of the GPCR-G protein complex. These structures, and the purified membrane proteins that are produced before the structures are resolved, will enable us to develop a rational approach to the treatment of cancer, autoimmune diseases, and infectious diseases that endanger human health. This new progress also indicates that we are starting to understand how GPCRs function in response to the binding of a natural ligand or a drug. This is also a direct result of the unremitting development of techniques during the last few years. The introduction of effective new tools for the membrane structural biologist reflects the ingenuity of the current researchers and lays the groundwork for applications to numerous diseases. It is safe to expect more structures in the near future as newer techniques, tools, chemicals and protocols will be applied to research that will further shorten the timeline and reduce the resources needed for solving a GPCR structure.
